Electron paramagnetic resonance analysis of active and non-active carbon preparation procedure by Boyer, Stephen J.
U m V l i S I T Y  O F  I L L I M 0 J S
MAY ,q 92
THIS IS TO CERTIFY THAT THE THESIS PREPARED UNDER MY SUPERVISION BY
............................................................. STfPHffl J . BOYjR...........................................................................
ENTITLED..........ELECTRON PAMHAGNETIC RESONANCE ANALYSIS OF ACTIVE AND
HOH ACTIVE; CARBON PREPARATION PROCEDURE
IS APPROVED BY ME AS FULFILLING THIS PART OF THE REQUIREMENTS FOR THE
DEGREE OF........................BACMWR.nf...SCjfii?I.J.N..CH£tU5m........ ........... ............... •  * . « • • •  « >  *  *  « * «  •  •  •
s5 !ences ••***»*#♦*
OU64
by
Stephen J. Boyer
Thesis
for the
Degree o f Bachelor o f Science
in
Chemistry
College o f Liberal Arts and Sciences 
University o f Illinois 
Urbana, Illinois
1992
Table o f Contents
♦ # * # • * * • # ♦ » * * • * * ♦ * * • * * • * • * ♦ • • * * * * * * * • *  J
i  f  .  ' »  ‘  V i f  ~  • -
It* B X W M frW 1** - > * * * *»* < * ♦ * * * * ♦ ♦ ♦ ♦ * * » * * * * * ♦  * * * * * * * * * 1 T
■ * ■ o p lp lp r tp m tk *  * # * * » # * » * * * * * • * * • * * * * ' * # ♦ * * * * * * *  *
j k  m I f  i n f o  ^  & u ^  A ^  * , £ ^  * W; ‘ -1* H|WIWMi pW W ipPQPi ffW iM PP 1§W4»IIU§MJ|JJF ♦«♦♦♦#* ♦# i ♦»♦• * f  §•
♦ W d^ M  WBmqpSm t » # * * * # * . * ♦ ♦ * * * • ♦ * * * • * * * * ♦ * * * * *  *
tO . R B ItJ M t A N D  D IS C W W tC III..............................................................................................  J J
♦ sW® WimKm w  ®B80*®8B pBMw# * * * * * * * * * * * * * * * * *  .
2. Difficulties tssotiated with the rn ly s is  o f the EPR lin e ...........................  25
3. The effact o f storage c o n d itio n s ....................................................................  35
4. The effact o f  different starting m a te r ia ls .....................................................  42
5. Nitrogen adsorption characteristics ..............................................................  «
6. The effect o f different activating agents .....................................................  54
7. Surface tre e  effects on the oxygen re sp o n se ...............................................  57
IV. C O N C LU SIO N S..........................................................................................................  63
ACKNOWLEDGEMENTS ..............................................................................................  63
REFERENCES ...................................................................................................................  66
I. INTRODUCTION
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o f mono- and disaccharides follow* a mechanism similar to that postulated to r cellulose, 
which is illustrated in Fig. 1. H ie top axis represents temperatures at which gaseous 
products are evolved; in this case, H ,0  (both adsorbed and derived from the cellulosk 
structure), CO, and CO, are released. The intermediates, II through VII, were obtained 
from empirical interpretation o f infrared spectroscopic data and thermogravimetric
analysis. Initial heating releases a  molecule o f water, yielding the keto-enol tautomers II 
and III, which, upon additional thermal treatment, are broken at the glycosidic bond. 
Structure VII decomposes to form a four carbon unsaturated radical intermediate after 
evolution o f additional molecules o f water, carbon dioxide and carbon monoxide. After 
subsequent condensation with other intermediates, tile four carbon unit will form the basis 
for graphitic sheets. Through tills process, regions o f aromaticity deficient in electrons 
will be produced -  the source o f the electron paramagnetic resonance (EPR) signal 
obtained from tow heat treatment temperature carbons. Condensation from further heating 
increases the degree o f aromaticity and the number o f conduction tend electrons until 
graphite is produced at temperatures above 3000 *C.
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Figure 1. A proposed mechanism for die carbonization o f cellulose in an argon
atmosphere, employing a heating rate o f 40 *C/hr. The top axis designates 
temperatures at which gaseous products are evolved. Intermediates are 
designated by roman numerals.
(from reference 1)
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o f die product by revetting interstices which would have been obstructed by t&r in an non­
active carbon. The primary function o f a chemical activating agent is one o f dehydration, 
influencing the course o f carbonization by reducing the production o f volatile by-products 
and tar, increasing carbon yield and porosity{4], A second function has been reported by 
Marsh[5]: potassium and other alkali salts appear to encourage pore formation by
catalyzing extensive crosslinking between growing carbon chains formed as carbonization
intermediates. Physical activation encourages the formation o f a complex porous structure 
by burning away more reactive portions of the carbon skeleton with a reactive gas.
Laboratory preparation o f active carbon from carbonaceous materials can proceed 
in two different mannera[4). The first, physical activation, occurs in two steps: an initial 
carbonization process in which the carbonaceous material is heated in an inert atmosphere, 
followed by a second activation process in which the carbonized material is reheated in the
presence o f a gaseous agent such as carbon dioxide, steam or oxygen. External heating
to temperatures between 800-1100 °C is required to drive the carbon-gas reaction. 
Alternately, a one step chemical activation can be performed where the carbonaceous
precursor is mixed with an activating agent (KOH, ZnCl„ H3PO«) which restricts the
formation o f tar-like products that can block newly formed pores. Since activation is
activated carbon ( e . |.  ZnClj activation is optimal in the range of 600-700 *CH*1.
Previous investigators have found BPR techniques easily applied to carbons, since 
the substances are rich in unpaired electrons. Particularly seminal research in the area has 
been performed by Singeif2,7,8,9], In addition to studies o f the mechanism o f 
carbonization in several carbonaceous precursors, Singer carried out detailed examinations 
o f carbons derived from sucrose, the impetus for much o f this work. His data shows 
correlations between electronic character and H IT . Specifically, the concentration o f 
conduction band electrons increases with increasing HTT after a  maximum free radical 
concentration is reached at 600 °C, corresponding to a temperature at which T1~ T I. 
Several reports have described the influence o f paramagnetic gasses (Q | as well as NO) 
on the linewidths o f carbons(7,10-13], In all cases, the immediate effect was reversible 
over a broad range o f pressures. However, this effect has been seen to diminish over a 
petted o f time if  the samples are continuously exposed to atmospheric oxygen[14]. Non­
active carbon preparation procedure from a variety o f starting materials (e.g. 
polydivinylbenzene, cellulose, polyvinylidene chloride, polyfurftiryl alcohol, 
dibenzanthenone, ethylvinylbenzene) has been examined with EPR[15].
The purpose o f this work is to examine areas o f carbon preparation procedure as
lirtUmfliiliilffl Will I 1WPM " w
Ii. EXPERIMENTAL
The non-active carbons were prepared from FisherChemicai reagent grade sucrose 
and dextrose, and cetttdose o f unknown purity obtained from Caigon Carbon, t i e  
apparatus utilized for preparation o f the carbon* is represented in Figure 2. Non-active 
carbons were prepared by {dicing ceramic boats containing die untreated carbonaceous 
precursor in the stainless Meet insert (B) fitted inside die horizontal tube furnace (Hevi 
Duty Electric Company) (E). The insert was sealed with a threaded connecter fitted with 
a stainless steel valve (F) used to control the flow of nitrogen which was introduced at 
(D). The length of copper tubing (F) and gas bubbler (G) were only present for the 
preparation o f carbons #20 through #33. Before initiation o f heating, the sample was 
flushed with a continuous flow of nitrogen at 8 SCFH for an hour. The flow of nitrogen 
was held constant at this rate for the duration of the experiment. The temperature control 
device (A) sensed die internal temperature of the insert with a type J thermocouple (not 
shown) connected at point (B), and adjusted the temperature of the furnace by variable
voltage through the power cord (C). Based on previous research which has shown a 
strong influence o f heating rate on various carbon properties, the carbons were heated at
*  rate o f 10 °C /hr to the selected HTT[16]. Residence time at the HTT was a minimum
of 12 hrs.
In the preparation o f carbons #20 through #33, FisherChemicai reagent grade 
potassium hydroxide and zinc chloride were used as chemical activating agents mixed with
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8Figure 2. Apparatus used for preparation of carbons listed in Table 1. Features:
(A) Temperature control device. HTT programmable from 1-999 *C 
achieved with controlled heating rates heating rates. (B) Insert constructed 
from stainless steel and Macor (at die point of therm oowpie insertion to 
ensure an airtight seal). (E) Horizontal tube furnace (Hevi Duty Electric 
Company). (F) Stainless steel valve employed to control inert gas flow. (G) 
Copper tubing utilized as a heat exchanger. (H) Gas bubbler Altai ninth 
dilute (0.1 SM) ZnClj solution. Note: (G) and (H) present only during the 
heat treatment o f carbons #20 through #33.
= 3 1
H
die precursors for non-active carbons described above. Traditionally, zinc chloride 
activation is performed by saturating a  cellulosic material (e.g. peach stones, sawdust) with 
a concentrated solution o f the salt[17,18]; however, sucrose was selected as a starting 
material for chemical activation studies to give reproducible results between individual 
carbons. Sucrose and an activating agent were combined in varying ratios by mass and 
ground with a mortar and pestle to homogeneity. The activating agent/sucrose mixture 
was transferred to ceramic boats and placed in the steel insert (B) as above. The threads 
o f the connector were coated with Dow-coming 1000 anti-seize paste to prevent 
atmospheric oxygen from influencing carbonization, and the apparatus was sealed, joining 
the insert with a  length o f copper tubing (0 ) connected to a gas bubbler (H). The copper 
tubing served as a heat exchanger, cooling the effluent gasses before scrubbing with a 
dilute (0.13 M) ZnCl} solution in the bubbler. The entire apparatus was located under a 
fume hood to prevent the release o f ZnCl, aerosol into the laboratory. Under a  constant 
flow o f argon gas (2.3 SCFH) which was introduced at (D) and exited the system at (I), 
the sample was heated according to programmed temperature control at a rate o f 10#C /hr 
to tire HTT. The carbon remained at the HTT for a  minimum of 12 hours before cooling 
to room temperature.
Physical activation experiments were conducted with carbon dioxide o f unknown 
purity on previously heat treated carbons. The carbon was ground with a mortar and 
pestle and placed in a ceramic boat inside tee stainless steel insert (B). Under a 
continuous flow of activating gas (3.3 SCFH nitrogen and 0.3 SCFH COj), the carbon was
1G
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heated to 850 eC at a  rate of 10 °C/hr.
Following heating, carbons #1 through #19 were ground with a mortar and pestle 
until the product was converted to a powder. Sucrose and dextrose carbons produced 
large, grey, porous masses which maintained the shape o f the boat after removal, while 
cellulose products shrunk to form fine, black powders. These carbons were not stored 
under specific conditions.
Carbons #20 through #33 were transferred to a glove bag flushed with nitrogen gas 
for manipulation. The carbons were ground as a slurry with deionized water and vacuum 
filtered through a fritted Buchner funnel. An additional 500 mL of deionized water was 
used to remove any residual activating agent. Dried carbons were stored under nitrogen 
in the bag. Examination o f the active carbons with scanning electron microscopy showed 
some activating agent present as white flakes on the surface of the product, indicating the 
need for improvement in post preparation methodology. Some investigators have used 
chemical tests, such as precipitation of zinc with sulfur, to detect the presence of 
remaining activating agenttl8]. A complete table o f the carbons prepared during the 
course of this study can found in Table 1.
2,. Electron paramagnetic resonance spectroscopy
EPR analysis o f the resonance linewidth o f the carbons in the presence of differing 
pressures o f oxygen was performed on Varian E-Line or Century Series X-band (9.5 GHz) 
spectrometers with computerized data acquisition. The optimal microwave power was 
determined by the power saturation technique in which the resonance line peak height,
Table 1. Preparation conditions for carbons characterized with EPR
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SV, • Carbon Carbonaceous
Precursor
Ratio o f activating agent 
to sucrose 
(g agent :g sucrose)
H IT
CC)
Date
rrcp&rca
Storage
Conditions
1 sucrose 448 10/4/90 atmosphere
! :::
2 sucrose 224 1/9/90 atmosphere
t  :I1?';-' 3 sucrose 622 1/20/91 atmosphere
4 sucrose 664 1/24/91 atmosphere
,®: ; 5 sucrose 574 2/1/91 atmosphere
• • •
i  ::■
6 sucrose 530 2/6/91 atmosphere
7 sucrose 488 2/9/91 atmosphere
..  '
8 dextrose 488 2/9/91 atmosphere
: 9 sucrose 420 2/14/91 atmosphere
:i ■ v 10 sucrose 710 2/18/91 atmosphere
11 sucrose 710 aborted atmosphere
'rp..-
it:-': :
12 sucrose 710 2/28/91 atmosphere
13 cellulose 528 3/13/91 atmosphere
i r 14 cellulose 610 3/15/91 atmosphere
15 sucrose 620 3/23/91 atmosphere
16 sucrose 530 4/15/91 atmosphere
17 sucrose 524 aborted atmosphere
18 sucrose — 619 5/23/91 atmosphere
HI .a 19 sucrose — 530 6/1/91 atmosphere
it-
%
20 sucrose 2:1 620 7/18/91 nitrogen
'V
i
21 sucrose 2:1 620 7/29/91 nitrogen
& 22 sucrose — 620 8/2/91 nitrogen
23 sucrose 1:1 620 8/20/91 atmosphere
24 sucrose 1:2 620 8/29/91 atmosphere
13
Carbon Carbonaceous
Precursor
Ratio o f activating agent 
to sucrose 
(g agent:g sucrose)
HTT
( #C)
Date
Prepared
Storage
Conditions
25 sucrose 2:1 620 9/9/91 atmosphere
26 sucrose — 620 9/13/91 atmosphere
27 sucrose 1:1 620 9/20/91 nitrogen
28 sucrose 1:2 620 9/30/91 nitrogen
29 sucrose — 620 10/10/91 atmosphere
30 sucrose 1:3 620 10/17/91 nitrogen
31 sucrose 1:4 620 11/1/91 nitrogen
32 sucrose m m 620 11/8/91 nitrogen
33 sucrose 1:1.5 620 11/21/91 nitrogen
Note: KOH used as a chemical activating agent for carbon #21. ZnCI2 used as a chemical 
activating agent for all other chemically activated carbons.
normalized to eliminate effects introduced by receiver gain, was monitored as a function 
o f increasing microwave power. The results can be seen in Fig. 3 ., which shows the 
maximum useful power below saturation to be approximately 30 mW. A lower power, 
2 mW, was employed to avoid saturation effects which can increase the linewidth as a 
result o f increased spin transitions decreasing the excited spin lifetime. Field modulation 
of 100 kHz was used.
Powder samples were removed from nitrogen storage and connected to a vacuum 
manifold for the duration o f the experiment. During analysis, two oxygen sources were 
used. One source employed was a two liter bulb attached to the manifold in which 760 
mm Hg of oxygen (Matheson, extra dry grade) had been introduced. Alternately, oxygen 
contained in a 100 mL round bottomed flask attached to the manifold was liquified by 
cooling the bulb with liquid nitrogen. Freed from impurities, the oxygen vapor which 
expanded into the manifold from the flask was utilized as a second source. Nitrogen 
monoxide (Linde division, Union Carbide) was introduced directly from the lecture bottle 
connected to the vacuum apparatus by a glass-metal seal. The pressure o f gasses admitted 
into die sample -  for oxygen gas, PH for nitrogen monoxide -  was measured with a 
Leybold-Heraeus Divac-N barometric gauge. Other gauges, including a mercury 
manometer and a thermocouple type pressure gauge were employed during the course of 
investigation, but found to be unsatisfactory in their calibration or reliability.
Figure 4 illustrates the adsorption/desorption kinetics displayed by a non-active 
carbon. The normalized lineheight was monitored over a period o f time following the
14
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Figure 3. The results o f a  power saturation experiment performed on carbon #3 in the 
absence o f oxygen at room temperature. Resonance lineheights were 
normalized to eliminate effects introduced by the different receiver gains 
employed during the experiment.
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Figure 4. Kinetics experiment performed on carbon #3 at room temperature. As
indicated, air is the oxygen source (approximately 160 mm Hg). The sample 
was evacuated for an hour prior to introduction of atmospheric oxygen.
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exposure o f die sample to atmospheric oxygen (approximately 160 mm Hg). Over 36 
minutes of constant pumping were required to return the sample to its original state. Since 
the effect displayed was that o f short "loading" and long "unloading" times, it seems likely 
to have been caused by slow diffusion of oxygen out from the carbon's pores. Samples 
smaller than that which was examined in Fig. 4 and equilibration times o f ten minutes 
were used for subsequent EPR adsorption analysis of non-active carbons. Desorption 
characteristics were not studied due to the time required to reach a constant linewidth. 
Since information from kinetic studies of active carbons showed a rapid equilibration time 
for the samples upon exposure to oxygen and upon removal o f the gas thorough pumping 
(on the order o f 13 seconds), active carbons were evacuated for an hour prior to analysis 
and spectra were taken ten minutes after the admission o f oxygen into the sample, allowing 
sufficient time for equilibration between solid and gas.
Spectral analysis o f the single resonance linewidth, AB*. was performed with 
several utility programs: EPRWare, courtesy o f Scientific Software Services, and 
DATAEG and PEAKS written by members o f the Illinois EPR Research Center. None
a theoretical type o f tineshape during its calculations: PEAKS 
utilized parabolas fitted to points surrounding the maxima and minima to obtain a linewidth 
based on the vertices o f the best fit function, while EPRware and DATAEG digitally 
assisted manual calculation o f the distance between peaks. Linewidths obtained from two 
component spectra were assumed to be that of the broad, variable component, a feature 
which will be discussed in more detail below.
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3. Adsorption analysis
Surface characteristics were determined utilizing a M icromeretics ASAP 2400 
volumetric adsorption analyzer. Prior to analysis, all samples were degassed for 24 tou rs 
at 120°C. Full adsorption and desorption isotherms were obtained for each carbon using 
nitrogen at 77K as die adsorbent.
The BET surface area was calculated from relative pressures (P /P J between 0.001 
and 0.25 on the adsorption isotherm, using 0.162 nm2 as the cross-sectional area o f the 
nitrogen molecule. It must be noted that the initial part of the type I isotherm from which 
the BET surface area is obtained is considered to represent micropore filling, not the 
completion o f the first monolayer. This places a limit on the number of adsorbed layers, 
which is usually assumed by the BET equation to be infinite. Thus, as Sing comments, 
BET surface areas o f microporous samples displaying type I isotherms wilt not reflect the 
true surface area o f the substance in question[3]. However, for the purposes o f 
comparison, die BET surface area is satisfactory.
Pore volume distributions were calculated from the adsorption isotherm using the 
BJH technique(19]. Usually, pore volumes are calculated using the Kelvin equation, which 
for nitrogen at 77K as the adsorbent can be written as rk-4 .15 /log(P ,/P ). The equation 
relates the critical radius, rk, which is not the pore radius, to the relative pressure of 
nitrogen at its boiling point. The pore radius can be obtained by adding the statistical 
depth o f the adsorbed nitrogen film , t, to the critical radius. Analysis utilizing the BJH 
method corrects the rk term by modifying the volume distribution to reflect the decrease
in l  with decreasing relative pressures. One should note that the Kelvin equation is 
applicable only to pore sizes in die region 10-1000 A. Since die diameter o f the nitrogen 
molecule is 3,5 A, calculations of radii smaller than 10 A are not feasible. Other volume 
distribution methods are available(20].
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III. RESULTS AND DISCUSSION
The ratoons selected for study give a single resonance line at approximately g =  
2.00 which displays a completely reversible dependence o f AB„ on the partial pressure o f 
paramagnetic gas in contact with the carbon. Thus, the linewidth is modulated by Oj and 
NO, but not by nonparamagnetic gases such as Cl} or C 0 2. This effect is demonstrated 
in Fig. 5 which illustrates the dependence o f AB^, of a non-active carbon on the pressure 
o f paramagnetic gasses in contact with the sample. The lower response, d(AB^)/dPM, o f 
nitrogen monoxide is anomalous when compared with results obtained by Singer, in which 
nitrogen monoxide produces a larger response. He attributed the difference in responses 
to the effective magnetic moments of the two gasses[7]. It is possible that insufficient 
equilibration times were allowed during acquisition of the spectra analyzed and plotted in 
Fig. 5.
Reexamination o f Fig. 3 suggests the mechanism of line broadening is primarily 
inhomogeneous, as evidenced by the constant lineheight displayed at high microwave 
powers. Since inhomogeneous broadening is characteristic o f samples with spins in
discrete, magnetically different environments, it is likely that the free radicals giving rise
♦
to the observed EPR signal are trapped in fixed sites. Although it is argued that the spins 
are delocalized in aromatic *  systems, this does not disprove the existence o f free radicals 
restricted to aromatic networks which are separated. The resonance signal could be 
produced by "islands" of condensed aromatic systems deficient in electrons.
22
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Figure 5. The dependence of AB„ on the pressure o f paramagnetic gas introduced 
into the sample. Measurements were made at room temperature on 
carbon #3.
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Furthermore, the influence of oxygen and nitrogen monoxide on the resonance linewidth 
suggest the radicals are located on the surface. Thus, it seems that the linewidth 
dependence results from oxygen-surface radical site interactions that are either attributable 
to spin exchange between or dipolar interactions. Additionally, one must consider the 
exchange o f electrons from the surface to the bulk o f the sample which is not under direct 
oxygen influence. Approaches to this problem have been discussed by Marsh[5], 
Singer[7], and Grishina[10]. The mechanism of the oxygen dependence is a subject o f 
current study.
2. Difficulties associated with the analysis o f the EPR line
Experiments performed on carbon 13 demonstrate an interparticle interaction that 
can be prevented by separation of the carbon particles with an inert solid dilutant such as 
potassium bromide. Studies carried out on different dispersion mediums have shown KBr 
to be a suitable dispersant[21]. Figure 6 shows the lineshapes of carbon #3 as a neat 
sample and as a dispersion of one part carbon to 100 parts KBr by mass. Reducing the 
interaction between particles reduces the Lorentzian character of the resonance line, 
resulting in a more Gaussian shape. This phenomenon has been described previously and 
is attributed to the electric properties o f materials with low resistivities! 10]. The EPR 
properties of a such materials experience problems, such as lineshape changes, when the 
particle size o f the sample under study is larger than the microwave skin depth. Dilution 
and additional micronization overcome difficulties associated with skin depth. The resulting 
linewidth dependence for the diluted sample illustrated in Fig. 7 differs from the neat
25
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Figure 6. The lineshape o f carbon #3 in vacuum. Dashed line indicates the spectrum 
for a neat sample (reciever gain 1600). Solid line indicates the spectrum for 
a sample dispersed in KBr 1:100 by mass (receiver gain 800).
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Figure 7. Comparison of the oxygen dependence o f AB^ between carbon #3 studied 
as •  neat sample and carbon #3 diluted in KBr 1:100 by mass.
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sample in its increased linearity and decreased d(AB^/dPo2. It is possible that the effect 
o f adsorbed paramagnetic gases is partially dependent on interparticle interactions, as 
evidenced by the decreased influence of oxygen over unpaired spins in the diluted sample. 
Since dispersion reduces electrical contact between particles, more discrete radical sites 
are created. It seems that communication of radical sites through particle contact is 
integral to the influence of oxygen cm the resonance linewidth. Since the dilutant 
decreased the kinetics of equilibrium by more than a factor of one hundred, small 
quantities o f the selected samples were studied neat.
An additional factor involved in the analysis of the lineshape is the presence of a 
two component line of the type shown in Fig. 8. Consisting of two overlapping single 
resonances arising from two distinct sites in the carbons, this type of line was observed 
in several o f  the carbons studied, but could not be correlated to any parameters associated 
with carbon preparation. The narrow component arises from a part of the sample that is 
not interacting with oxygen, while the broad component represents the portion o f the 
sample under oxygen influence. This feature o f the linewidth dependence is substantiated 
by Fig. 9, which shows a constant narrow component unaffected by the changing pressures 
of oxygen, while the broader component changes with the introduction of the paramagnetic
30
It is possible that this effect arises from reduced oxygen access to portions o f  the 
carbon particles under study, similar to the slow diffusion effects noted in the kinetics 
experiments. This hypothesis was tested on carbon #3 by additional grinding of the
Figure 8. A two component lineshape measured for carbon #33 at 10.2 mm Hg
oxygen pressure.
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Figure 9. Variation of the lineshape of carbon #33 for several pressures of oxygen.
H ie narrow component remains constant over the pressure range examined.
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sample with a  mortar and pestle, which did little to improve the shape of the spectrum, 
fu rther treatment o f the sample with I2M HCI for 24 hours and 6M HNO, for two 
minutes to remove possible tar blocking pores is shown in Fig. 10. The results seem 
inconclusive, since the two acid treatments afforded negligible improvements over the
35
untreated sample. This data is particularly incongruous when examined in relation to Fig. 
6, which are single component spectra obtained from the same carbon which provided the 
two component spectra appearing in Fig. 10. Two explanations for this phenomena are 
possible: 1) the size of the sample examined was large, resulting in a  distribution of radical 
with differing oxygen environments dependent on the ability of oxygen to access internal 
surface sites, or 2) the fixed, narrow signal is a result of a paramagnetic impurity present 
in the sample or cavity. For the purposes of linewidth analysis, the fixed narrow 
component was neglected and AB^ was obtained from the broader, variable resonance.
3. The effect o f storage conditions
Investigators have demonstrated that non-active carbons left in atmosphere for 
extended periods of time show decreases in the linewidth dependence on oxygen 
pressure! 14]. 'This has been attributed to the permanent formation o f peroxyl radicals, R- 
O -O , with the free radicals trapped in the aromatic lattice of the carbons. Extensive 
studies performed on carbon #20 over an eight month period are illustrated in Fig. 11 and 
Fig. 12. The bulk of the material was stored under nitrogen, while a sample was stored 
in atmosphere to examine the influence of atmospheric oxygen on the linewidth 
dependence o f an active carbon. As can be seen, the linear dependence does not change
36
Figure 10. Two component spectra obtained for carbon #3 following post­
carbonization treatment. Samples treated with acid (!2M  HC1 and 6M 
HNOj) are referenced against an untreated sample. Spectra were taken 
under an oxygen pressure of 9.S mm Hg.
-H N O ,
- H C I
Figure 11. Oxygen dependence of ABW for carbon #20 stored under nitrogen for eight
months.
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Figure 12. Oxygen dependence o f AB„ for carbon #20 stored in atmosphere for eight
months.

u  a function o f time within a degree o f experimental error. Ingram reported the total loss 
of dependence after a period of six months, an effect which was not seen in the active 
carbons. However, this effect was observed for a non-active carbon, carbon #3, in which 
the dependence decreased significantly over a period of four months. Nitrogen adsorption 
measurements o f  carbon #33 also appeared to be subject to the aging effect but, the 
phenomenon was not sufficiently documented. Additional experiments with non-active 
carbons are required to provide complete understanding.
4. The effect o f different starting materials
Carbonization of different saccharide precursors yields products with dissimilar 
linewidth dependencies as demonstrated in Fig. 13. The largest, most linear response is 
provided by cellulose, making it an ideal candidate for future experiments, since no 
chemical treatment was required to obtain the results. Dextrose responded poorly to 
oxygen, having an initial linewidth of 3.30 Gauss which varies little over the region of 
oxygen pressures examined. Although chemically simitar, the different starting materials 
yield products which, as suggested by the linewidth dependence data, appear to have 
different resulting carbon structures.
3. Nitroyen adsorption characteristics
Nitrogen adsorption isotherms obtained for the carbons in Table 2 demonstrate a 
trend which is dependent on the ratio of ZnCI2 present during carbonization to sucrose. 
Shown in Fig. 14, the isotherms are type I in character with most displaying large, well 
defined planar regions following initial loading of nitrogen into the micropores. Reflected
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Figure 13. Comparison of the oxygen dependence of ABW between carbons with 
different carbonaceous precursors. The cellulose carbon corresponds to 
carbon #14, the dextrose carbon corresponds to carbon #8, and the sucrose 
carbon corresponds to carbon #13. Refer to Table 1 for reparation
conditions.
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Table 2. BET surface areas calculated from nitrogen adsorption data
for selected sucrose carbons
Carbon
Surface Area 
(mVg)
20 ----------------- r m -------------
21 433
25 1100
27 1138
28 1055
30 672
31 670
32 156
33 906
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Figure 14. Adsorption isotherms of nitrogen at 77K on the carbons described in
Table 2.
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in the decrease o f the maximum volume adsorbed, the degree o f the carbons' 
microporosity decreases as the ratio o f ZnCI2 to sucrose is reduced. Also notable, is the 
deviation from horizontal behavior seen in carbons #21 and #32, which has been shown 
previously to be indicative of mesoporous cnaracter[22].
Additional information concerning the effects of carbon preparation procedure on 
the resulting pore structures can be seen in the adsorption pore volume distributions shown 
in Figures 13 (a) through 15 (d). Figure 13 (a) demonstrates the marked difference 
between two dissimilar activating agents present in the same ratio to sucrose during 
carbonization. In contrast to carbon #20, a mostly microporous material resulting from 
ZnCl] activation, carbon #21 shows a distribution of few micropores, arising from KOH 
used as an activating agent. Illustrated in Figure 15 (b), activation with ZnClj eliminates 
most of the mesoporous character seen in carbon #32 which was not chemically activated. 
Figures 15 (c) and 15 (d) show adsorption pore volume distributions for four other carbons 
which demonstrate the mostly microporous structure characteristic o f the previously 
discussed zinc chloride activated carbons. Although the significance of the peak at 30 A 
is unclear, it is noticeable in each of the adsorption pore volume distributions of the 
carbons. Since 30 A is the region of pore distributions indicative of a non-active sucrose 
carbon, it is possible that the peak represents unactivated portions of the carbons. Possible 
modifications in preparation conditions, such as longer residence times, could improve the 
activation o f die sample.
The information obtained from the nitrogen adsorption data demonstrates the same
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Figures IS (a) - (d). Adsorption pore volume distributions for the carbons described in
Table 2. Calculated from nitrogen adsorption isotherms obtained 
at 77K utilizing the BJH method.
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dependence on the ratio of ZnCl2 to sucrose: as the ratio is reduced, the extent of 
activation, as reflected in the BET surface areas, the adsorption isotherms and adsorption 
pore volume distributions, is decreased. Cartoon #33 seems to to: an exception to this 
trend; however, additional experiments have not been performed to explore the apparent 
discrepancy. Changes in preparation procedure yield changes in porous character and 
adsorption behavior of the carbons described in Table 2. The extent of activation is 
modulated by the quantity of activating agent present during carbonization. These 
properties will subsequently be shown to influence the EPR linewidth dependence on 
oxygen pressure.
6. The effect of different activating agents
It has been seen that different chemical agents present during carbonization can 
influence the composition of the final product through dissimilar mechanisms to yield 
carbons with various characteristics^,23], a fact substantiated by the adsorption data 
discussed above. Figure 16 shows the linewidth dependence of carbons activated by two 
chemical agents, zinc chloride and potassium hydroxide. The ZnCl2 activated carbon 
displays a high degree of linearity and a moderate response over a broad range of oxygen 
pressures, while the KOH activated carbon displays linearity over a narrower range but 
a high response. This difference seems to result from the difference in microporosity 
between the two carbons. When the EPR dependencies are correlated with the adsorption 
pore volume distributions for carbons #20 and #21, a noticeable trend is apparent. A high 
degree of microporosity yields a carbon with a linear dependence, while increasing
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Figure 16. Oxygen dependence of A 3„ for carbons #20 and #21 prepared with
different chemical activating agents, KOH and ZnClj. Ratio of agent to 
sucrose is 2:1 for both carbons.

nonlinear dependence behavior is displayed as mesoporous character increases. These 
factors which influence the nitrogen adsorption isotherm translate to the oxygen 
dependence measured by EPR. Thus, when exploring chemical activating agents, the 
degree of microporosity must be considered as it applies to the EPR properties o f the 
cMbon.
ZnClj was selected as the activating agent for additional consideration since it 
possesses linearity over a broad range of oxygen pressures useful far a variety o f oximetry
Carbon dioxlde activation o f carbon #15 at 850 °C provided a sample with a large 
doantRy of conduction hand electrons, as displayed by its influence on the tuning o f the 
sample cavity. The physically activated carbon behaved as a microwave absorbent, similar 
to water, making the sample extremely difficult to amdyae. Due to the problems 
associated with high oanduedna bead stectnm content, efforts to  physically activate 
carbons were diaw dnnsl
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line width dependencies on oaygen pleasure measured. As presomsd in Fig. 17, toe 
dependencies 4Mlepr.a general trend o f decreasing linearity and response as d »  amount o f 
chemical agent pasaant during aadwaittitioa ie decreased. Tide treed can he attributed to
atoaepaiwu character o f the cartons as the ratio o f  activating agent to socroee is reduced.
Figure 17. Oxygen dependence of AB„ for the carbons listed in Table 2.
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Figure 18. The relation of oxygen response to surface area for the carbons in
Table 2. Responses were calculated using a linear regression fitted to the 
linear portion of the dependence data.
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Thus, non-linearity displayed by carbon #28, a ZnCl2 activated carbon, correlates to its 
mesoporous character in a manner similar to that of carbon #21 as discussed above. 
Second, the decreasing response can be seen as a function o f BET surface area, as shown 
in Fig. 18. Responses were calculated from the slope of a line fitted to the linear region 
o f the dependence data. Increasing the BET surface area of the carbon increases the 
response to oxygen. This effect could be explained by increased oxygen access to the 
unpaired spins created during carbonization. Interaction between the oxygen and the 
radical site would become greater as the distance between the two species decreased, a 
factor which occurs as the surface area increases. Additionally, a greater surface area can 
enhance the number of oxygen molecules interacting with the surface radical sites, 
resulting in an increased response. If there is exchange o f electrons between the bulk of 
the carbon and surface sites, activation would reduce the influence o f bulk-surface 
exchange by reducing the bulk of the material and creating more surface. Figure 18 
correlates well with this suggestion, since the influence o f oxygen on the resonance line 
grows aa surfhce area increases.
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IV. CONCLUSIONS
The data obtained during this research has outlined the methodology involved in 
carbon preparation, demonstrating the significant malleability of the product carbon’s 
properties. It has been seen that observation of the oxygen dependence of the resonance 
linewidth can yield information concerning the nature of the free radical sites and the 
mechanism of the site-oxygen interaction. Using this experiment as a probe for 
preparation procedural modifications, several other features influencing the response have 
been elucidated. Through an unknown mechanism, chemical activation appears to 
eliminate the reduction of oxygen response by atmospheric oxygen seen in non-active 
carbons. Additionally, activation has been shown to be a possible route to modulation of 
the oxygen response, and the effects can be correlated to nitrogen adsorption data. Further 
modulation of the response can be effected through selection of an appropriate 
carbonaceous precursor.
Research occurring concurrently at the IERC on other oxygen sensitive materials 
has presented an interesting application o f this study[24]. Currently, lithium pthalocyanin, 
a synthetic material, and fusinite, a maceral of coal, are being used to detect the 
concentration of oxygen present at a particular site in vivo. However, the properties of 
these substances are fixed, and often not optimal. Since active carbon can be modified 
readily to produce a product with desired properties, it seems to be of direct use in this 
application. As yet unpublished work with active carbon as an in vivo oximeter has been 
performed.
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Not all of the data reported is thorough enough to constitute a complete 
methodological survey. It would be interesting to investigate additional chemical agents, 
correlating the known mechanism of activation with EPR properties. Explorations of 
physical activation in a more complete manner could yield carbons with more favorable 
propertied than the experiment noted above. Post preparation modifications of carbon 
surface which were not attempted could enhance the hydrophilicity of product carbons 
through the addition of polar groups to the carbon structure in addition to offering another 
route to response modulation. Comprehensive aging studies could elucidate the mechanism 
of oxygen-surface site interaction, and offer clues concerning the differences between 
active and non-active carbons seen during the long term storage condition studies.
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